Models predicting optimal levels of plant defense against herbivores typically include two assumptions: 1) defense is both beneficial and costly; and 2) the relationship between costs and benefits of a defense is consistent across environments. However, the expression of costs and benefits of defense may be environmentally dependent. We examined lines of Brassica rapa, previously divergently selected for the defensive trait foliar glucosinolate content. In one set of experiments (Experiment #1), plants were grown in herbivore-free and herbivore-present environments to investigate the costs and benefits of this defense. In a second set of experiments (Experiment #2), plants were grown at two nutrient levels and two temperatures to examine the environmental context of costs of defense. In Experiment #1, increased levels of damage resulted in decreased flower production and plants from high glucosinolate lines received less damage than those from low glucosinolate lines, suggesting a benefit of this defense. In this experiment no cost of defense was detected. In Experiment #2, nutrients had a significant positive effect on flower production at 23˚C, but not at 32˚C. No significant effects of glucosinolate line nor interaction between nutrient environment and glucosinolate line were detected at 23˚C, suggesting that no cost of defense occurred at this lower temperature. Similarly, no significant nutrient environment by glucosenolate line interaction was detected at 32˚C. However, a significant effect of glucosinolate line was observed suggesting that at 32˚C costs were incurred, but nutrient environment had no mitigating effect. While results from Experiment #1 suggested that defense was beneficial, but not costly, results from Experiment #2 suggested that costs of defense were temperature dependent. For species occupying broad geographic ranges, these findings of temperaturedependent costs are especially insightful with regard to the evolution of defense because differing geographic populations are likely to experience differing temperature environments.
INTRODUCTION
Herbivore damage usually decreases plant fitness, making damage costly to plants [1] [2] [3] [4] [5] , but see [6] [7] [8] , so traits that reduce herbivory should benefit a plant and increase in frequency. However, a trade-off between the cost of defense and its benefits may explain why the evolution of defense against herbivores is constrained [9, 10] , with selection favoring those plants that maintain an optimal combination of defense versus growth [11] .
suggest that the debate over the existence of costs of defense should be shifted to focus on the conditions under which costs of defense are expressed [12, 18, 20, 21] .
Investment in defensive traits may be dramatically affected by nutrient environment [22] [23] [24] [25] [26] . For example, reference [26] found that various species grown at high nutrients expressed greater deterrence to herbivores, while light treatment had no consistent effect. Although these studies suggest that defenses may be less costly when more resources are available for production of those defenses, reference [21] found that defense was more costly under high nutrient conditions (when allocation to defense might compete directly with allocation to growth). Thus, costs of defense generally increase under stressful conditions [11, 18, 24, [27] [28] [29] [30] , but not always [21, 31] . In addition, whether differing environments alter the benefits of reduced herbivore damage has not commonly been explored, but see [25] .
Environmental factors other than nutrient environment may also influence the expression of defense costs [21, [27] [28] [29] [30] [32] [33] [34] [35] [36] . Temperature can influence plant growth [37] , but the influence of temperature on costs of defense has been poorly explored, but see [38] [39] [40] [41] . Because plant species often grow across a wide geographical range, populations may experience differing temperature regimes. Turnover rates of defensive chemicals should be greater for populations in habitats with higher temperatures [42] . The cost of defense would therefore increase at higher temperatures because more resources would have to be allocated to rebuilding defensive compounds [42] . In addition, if increasing temperature disrupts either photosynthetic rate or nutrient uptake [43] , higher temperatures would limit the pool of resources available to defense and growth/reproduction.
In this study, the costs and benefits of foliar glucosenolates were examined using lines of a rapid cycling variety of Brassica rapa that had previously been artificially divergently selected for either high or low foliar glucosinolate content [13] . Glucosinolates are a nitrogen and sulfur-based group of secondary compounds found in the Brassicaceae [42, 44, 45] . Greater investment in energy may be expected for plant lines with higher concentrations of glucosinolates given the energy required to rebuild these molecules [42] . In this system, foliar glucosinolates, have been shown to reduce herbivore damage [16, 17, [45] [46] [47] and can be used as a measure of investment in one defensive trait even when no herbivore treatment is imposed. Thus, this system is likely to detect benefits and costs of this defense.
In one experiment (Experiment #1), we evaluated: 1) whether increasing levels of herbivory resulted in decreased plant fitness; 2) whether a benefit to high foliar glucosinolate content existed in the presence of herbivores; and 3) whether a cost existed in the absence of herbivores. In a second experiment (Experiment #2), we examined how stress, in terms of nutrients and temperature, affected the expression of costs of foliar glucosenolates in those same lines. More specifically, we examined: 4) whether a greater cost of defense existed at a higher temperature; and 5) whether a greater cost of defense existed under low nutrient conditions.
METHODS
Study species: Brassica rapa (Brassicaceae), commonly known as field mustard, is an annual plant that was introduced to the United States from Eurasia and now exists in naturalized populations throughout North America [48, 49] . With such a broad geographic range, different populations of this species experience very different mean annual temperatures (e.g., a population in Juneau AK would experience a mean July temperature of 13˚C, while a population in Phoenix AZ would experience a temperature of 34˚C [50] ). In addition, B. rapa is often found in disturbed habitats [49] , so differing populations may also experience a variety of nutrient environments.
This study used a rapid cycling variety of B. rapa (CRGC #1-1, Aaa). This variety has a short generation time, high fertility, no seed dormancy, and the ability to grow and reproduce under fluorescent lighting [51] . Replicate lines of rapid cycling B. rapa were used in this study. Each replicate line was generated by divergently selecting for either low or high foliar content of glucosenolates over three generations [13] . Reverse-phase liquid chromatography was used to determine foliar concentration of glucosinolates of the first true leaf 14 days after emergence of the 100 plants contained in each replicate line. In the selection process, 20 of the 100 individuals with the highest content of glucosinolates and 20 with the lowest were selected and used to produce each successive generation for the high (HGL) and low (LGL) glucosinolate lines, respectively. Because B. rapa flowers are hermaphroditic and self-incompatible, artificial selection was successfully achieved through controlled pollination. Selection was discontinued after three generations. After the third generation, seeds from these lines were bulked for use in this experiment. While the concentration of glucosinolates was not analyzed in the current experiment, the HGLs differed significantly from the LGLs after the third generation of selection (mean = 14.2 ± 0.9 (±SE) mg glucosinolates per gram of leaf material and mean = 5.5 ± 0.5 mg/g, respectively; ANOVA: F 2,3 = 28.29, P < 0.05; [13] ).
Trichoplusia ni larvae (Lepidoptera: Noctuidae) were used in Experiment #1 of this study. T. ni often feeds on species from families as different as Apiaceae and Brassicaceae [52] . As a polyphagous herbivore, T. ni was ideal for this study because it feeds on B. rapa, but has been found to be deterred by higher concentrations of glucosinolates [17] . T. ni adults emerging from pupae obtained from a laboratory culture maintained at the Biological Control Laboratory of the United States Department of Agriculture-Agricultural Research Station, Columbia, Missouri, USA, were used to generate a colony of T. ni at Denison University, in Granville, OH. Larvae were reared on glucosinolate-free artificial diet obtained from the Biological Control Laboratory [53] .
Experiment #1 (Benefits and costs of defense): Artificial selection provided contrasting differences in chemical defense in this experiment, but a single paired set of contrasting lines could be due to inconsistent differences. Therefore, each HGL was paired with one of the two LGLs to create two replicate tests (i.e., independent tests in order to avoid outcomes caused by anomalous differences). In the first experiment, seeds from the LGLs and HGLs were planted individually in 3.1 cm square peat pots filled with Jiffy-Mix growth medium. The pots were labeled and randomly arranged. To avoid confounding effects of germination date, the experiment was started three days following seed germination. At that time, 360 plants were randomly chosen (90 plants from each LGL and HGL replicate test). Three plants from an LGL and three plants from the matching HGL were potted into 13.9 cm diameter circular pots resulting in 30 pots for each of the two replicate tests. Thus, after three days the lines were growing under competition.
Each of the six plants in every pot was fertilized once with 5 ml (6.28 g/L) of Peters All-Purpose 20-20-20 N-P-K fertilizer (31.4 mg fertilizer/plant). Pots were randomly arranged on the growing table and watered daily. To decrease position effects, pot position was randomized weekly. Plants were kept in an environment with continuous light provided by florescent lights suspended one meter above the plants. Temperature was maintained between 22.5˚C and 24.5˚C, with relative humidity ranging from 38% -40%.
Ten days after germination the leaf area of each plant was measured using a transparent piece of graph paper (0.04 cm 2 grids). A single, third instar, T. ni larva was introduced into 15 of the 30 pots for each replicate test to create an environment in which herbivores were present in order to evaluate the benefit of foliar glucosinolate content. The pots were covered with bridal veil to contain the larvae. The 15 pots for each replicate that had no herbivore introduced were designated as the herbivore-free environment in which the costs of production of glucosinolates could be measured; these pots were also covered with bridal veil to control for any shading effect of the bridal veil. Twelve days after germination (two days after the introduction of herbivores), the damaged and undamaged leaf area for every plant in the herbivore-present environment was measured. Because herbivory levels were low, an additional fourth instar larva was added to each herbivore-present treatment to increase herbivory. Two days later (14 days following germination), after removing the bridal veil and the T. ni larvae, the damaged and undamaged leaf areas were measured. Proportion leaf area damaged was calculated (leaf area damaged/total leaf area). Plants were harvested 60 days after germination (the typical generation time of this rapid cycling variety of B. rapa), and the number of flowers produced by each plant was recorded as an estimate of plant fitness. This is a sufficient measure of female fitness in this species, because those individuals that produce more flowers also tend to produce more fruits (Stowe, unpublished data) . Further, floral display has also been shown to affect fitness in other species [54] [55] [56] [57] .
Experiment #2 (Environmental influences on costs of defense): The results from Experiment #1 supported the existence of a benefit of foliar glucosinolate production, but the results differed from those of a previous study with regard to the cost of defense [13] . Temperature environment differed greatly between the studies; the study by reference [13] was performed at a higher temperature (~29˚C) compared to Experiment #1 (~23˚C). Light and nutrient competition may have also differed because plants were placed in single larger pots in Experiment #1.
Five hundred thirty seeds were individually planted in 3.1 cm peat pots and grown in herbivore-free growth chambers with constant light. The pots were filled with moist soil, and the seeds were placed in the middle of the pot and covered with a light layer of soil. To limit any effect of germination time, only plants that had germinated after five days were used in this study. Of the 530 seeds planted, 273 plants met the germination criteria and were used in the study. Plants were randomized and placed in plastic trays to prevent water drainage. To test the effect of temperature on the expression of costs of defense, plants were placed in growth chambers either in the low (23˚C; n = 134) or high (32˚C; n = 139) temperature treatment.
Under these conditions, the effect of resource availability on the cost of defense was also evaluated. Half of the plants in each temperature treatment were randomly assigned to the low nutrient treatment and half were assigned to the high nutrient treatment. Nutrient levels were generated by provisioning each plant with 5 ml of General Purpose Peter's Growth Formula 20-20-20 at a concentration of 6.28 g/L for low (31.4 mg/plant) and 12.56 g/L for high (62.8 mg/plant) nutrient treatments. Thus, each nutrient treatment was tested in two temperature treatments (23˚C and 32˚C). Plants in each growth chamber were randomized weekly to decrease position effects. In addition, to reduce inherent differences be-tween growth chambers, the growth chambers were switched weekly (i.e., if a growth chamber was used for the high temperature treatment during one week, it was used for the low temperature treatment the following week). Plants were watered two times a day by filling the bottom of the plastic trays with 1.3 cm of water. Sixty days after germination total flower number produced for each plant was recorded and used as an estimate of the female component of plant fitness. This was the end of flowering time and most plants had already senesced (Hochwender pers. observation).
Statistical Analyses
Experiment #1 (Costs and benefits of defense): In this experiment each pot was independent from every other pot; however, the six plants within each pot were not independent due to common environment. Therefore, mean values for the three plants of each glucosinolate line within each pot were used as the unit of analysis. Three plants had to be excluded from the statistical analyses (two due to broken leaves, and one because it produced no leaves). Mean flower number for each glucosinolate line within each pot was calculated for plants within the herbivore-present environment and the herbivore-free environment separately.
To determine if a relationship existed between the amount of herbivore damage and flower production in this variety of B. rapa (i.e., was there a benefit of defense), we examined the effect of mean proportion leaf area damaged on mean number of flowers produced. An ANCOVA was conducted, using flower number as the dependent variable, and proportion leaf area damaged, glucosinolate line (LGL, HGL), and their interaction as the response variables [58] . Glucosinolate line was considered a fixed effect.
To evaluate the effect of glucosinolate line on herbivore damage, the difference in mean proportion leaf area damaged for each pot was calculated as mean proportion leaf area damaged of the HGL minus mean proportion leaf area damaged of the LGL (HGL-LGL). A negative value would indicate that plants of the LGL received more damage than plants of the HGL (i.e., that the higher foliar concentration of glucosinolates deterred herbivory). To avoid problems related to normality, a Wilcoxon signed-rank (i.e., a nonparametric, paired t-test) was used [58] . Separate analyses were performed for each replicate test here and to address each of the following questions.
To determine whether glucosinolate line affected plant fitness, mean number of flowers produced per plant per pot was calculated for each line both in the presence and absence of herbivory. To evaluate the effect of glucosenolate line on plant fitness, the difference in mean number of flowers produced per plant for each pot was calculated (HGL-LGL). In the presence of herbivores, a positive value would indicate that a benefit of defense was detected. In the absence of herbivores, a negative value would indicate a cost of defense. A Wilcoxon signed-rank test [58] was used on the differences in mean number of flowers produced in both the herbi-vore-free and herbivore-present treatments.
Experiment #2 (Environmental influences on costs of defense): In this experiment, each growth chamber represented a different environment, so the results from the 23˚C growth chamber were analyzed separately from the results from the 32˚C growth chamber. For each temperature, a two-factor ANOVA was used to evaluate the effect of glucosinolate line, nutrient treatment, and their interaction on total flower production. To remain consistent with the Experiment #1, the two replicate tests were run in the same manner using the same paired rapid-cycling B. rapa selection lines, with each replicate test including a high and low glucosinolate line. Nutrient treatment and glucosinolate line were considered fixed effects. A significant effect of glucosinolate line would suggest that plants investing in glucosinolates incurred a cost, depending on the direction of the effect. A significant effect of nutrient treatment would only suggest that nutrient addition influenced flower production. However, an interaction between glucosinolate line and nutrient treatment would suggest that the expression of costs of defense was altered by nutrient environment.
RESULTS

Experiment #1 (Costs and benefits of defense)
Plants from the LGL received approximately ten percent more damage than plants from the HGL in both replicate tests (Figures 1(a) and (b) ). Plants in the HGL incurred significantly less damage than plants in the LGL for the second replicate test (Wilcoxon signed rank df=14 = −39; P = 0.026). Although patterns were similar for both replicate tests, no significant difference was detected for the first replicate test (Wilcoxon signed rank df=14 = −20; P = 0.28). Still, flower production did significantly decrease with increasing damage both in replicate tests (F 1,28 = 6.9; P = 0.01; r 2 = 0.198; F 1,28 = 4.3; P = 0.05; r 2 = 0.133) (Figures 2(a) and (b) ).
When exposed to herbivores, (Figure 3(a) ), differences in flower production were not significant in the first replicate test (Wilcoxon signed rank df=14 = 23; P = 0.21), but differences in flower production were significant in the second replicate test (Wilcoxon signed rank df=14 = 51; P = 0.002) (Figure 3(b) ). Thus, a benefit of higher glucosinolates was detected in the presence of herbivores, but only in one of the two replicate tests. In the herbivore-free environment, flower production was not significantly different between glucosinolate lines for either replicate test (Wilcoxon signed rank df=14 = 29; P = 0.11 and Wilcoxon signed rank df=14 = 4; P = 0.85 for replicate tests one and two, respectively) (Figures 3(c) and (d)), so no cost was detected for having higher investment in defense. Experiment #2 (Environmental influences on costs of defense) In our set of experiments examining the environmental influences on costs of defense, no cost of foliar glucosinolates was detected at 23˚C in either replicate test (F 3,61 = 0.8; P = 0.39 and F 3,65 = 0.3; P = 0.56 for replicate test one and two, respectively) (Figures 4(a)  and (b) ). Nutrient treatment had a significant effect on flower production in both replicate tests (F 3,61 = 10.3; P < 0.002 and F 3,65 = 22.5; P < 0.0001 for replicate test one and two, respectively), but no significant interaction between nutrient treatment and glucosinolate line occurred (F 3,61 = 2.5; P = 0.12 and F 3,65 = 0.3; P = 0.60 for replicate test one and two, respectively). Thus, altering the nutrient environment did not influence the expression of the cost of the content of foliar glucosinolates at 23˚C. At 32˚C, patterns suggested a cost of glucosinolate production. In replicate test one, a significant difference in flower production was detected (F 3,62 = 5.6; P = 0.02) (Figure 4(c) ). In replicate test two, a similar pattern was observed, but the trend was non-significant (F 3,68 = 3.6; P = 0.06) (Figure 4(d) ). Nutrient treatment had a significant effect on flower production in replicate test one at (Figures 4(c) and (d) ). Thus, similar to the 23˚C environment, the nutrient environment did not influence the cost of glucosinolate level at 32˚C.
DISCUSSION
Experiment #1 (Costs and benefits of defense)-Our results demonstrated a negative relationship between proportion leaf area damaged by T. ni and flower production in B. rapa; increasing levels of herbivory resulted in decreased plant fitness as measured by flower production. Thus, a cost of herbivore damage occurred. Similarly, most other research has found that damage decreases plant fitness [13] , but see [4, [6] [7] [8] . Further, in our study, plants from the HGLs received less damage by T. ni than plants from the LGLs, similar to the findings of a previ- ous study using these lines [17] . Because plants receiving less herbivore damage had higher flower production, selection should favor plants in the HGLs (i.e., a greater benefit than cost of defense). While these results suggest that glucosinolates were responsible for our results, plants in Brassicaceae also contain trypsin inhibitors [59, 60] , which inhibit the digestion of protein by the herbivore, and myrosinases, that breakdown the glucosenolates into toxic compounds [44] . These defensive traits were not measured, but our results could be explained by selection for these other traits in the opposite direction than selection for foliar glucosinolates.
However, we detected a significant benefit of higher defense in only one of the two replicate tests. A significant benefit of defense may not have been detected in one of the two tests because of the limited sample size. However, reference [61] found that plants from the LGLs had greater tolerance to herbivore damage than plants from the HGLs, when using these lines of B. rapa. Greater tolerance to damage for LGLs might counterbalance the reduced damage experienced by HGLs, thereby limiting one's ability to detect a benefit of defense [62] .
Surprisingly, in the replicate test in which a benefit of defense was detected, no cost for this defense was observed. Nor did we detect a significant cost of defense in the other replicate. One would expect that without herbivory, plants with a higher concentration of foliar glucosinolates would be at a disadvantage due to their greater allocation of resources to defenses. Such was the case in a previous study examining these same lines [13] . However, distinct differences in experimental design existed. The plants in the current experiment were grown together in a pot (under intraspecific competition), whereas those in the previous experiment were grown individually (no competition). While competition has been shown to influence both herbivore damage and chemical defense in B. rapa [63] and the related species, B. napus [64] , and costs of defense in Arabidopsis thaliana [59] , competition had no effect on the magnitude of costs observed in B. rapa [31] nor among lines of Plantago lanceola artificially selected for iridoid glycoside concentration [24] . In fact, reference [31] found greater cost when plants were grown alone (as in Experiment #2). However, the cost of allocation to the inducible defense, proteinase inhibitors, was more apparent in genotypes of Nicotiana attentuata grown under competition [65] . Thus, it appears that predicting the effect of competition on the costs of any particular defense is very complex.
Perhaps the more dramatic difference in experimental design was that plants in this current study were grown at a lower temperature (22.5˚C -24.5˚C) than those in the previous study (27˚C -29˚C) [13] . Costs may not be as great at lower temperatures compared to higher temperatures (see Environmental influences of costs of defense below).
An alternative explanation for not detecting costs is that costs of defense may not be universal [20, 66] . References [67, 68] found no cost of trichome production (a putative defense) in B. rapa. Furthermore, some studies examining other species have also failed to detected costs of defense [9, 10, [69] [70] [71] [72] , but see [21, 25, [73] [74] [75] . Several arguments have been posited suggesting why no costs may be detected [12, 61, 62] . References [61, 62] have suggested that the relationship between defense against and tolerance to herbivore damage may obscure the detection of a cost of defense. While some studies have demonstrated a trade-off between defense and tolerance [61, 62, 74] , others have not [21, 75] . Further, reference [12] has also suggested that once defense arises in a population, selection should act to decrease its cost. This argument is similar to the argument presented in studies that have explored the reduction of costs for insecticide resistance in Lucilia cuprina populations [76, 77] and virus-resistant populations of Escherichia coli [78, 79] .
Experiment #2 (Environmental influences on costs of defense)-Nutrient environment did not appear to influence the expression of the costs of defense in either temperature environment. Nutrients may not have been limiting, even in the low nutrient environment. Further, while increased nutrients did increase flower production at 23˚C and in one replicate at 32˚C, flower production was relatively similar across both nutrient regimes and across both temperature environments. In comparison, flower production in the Experiment #1 (the one using larger pots) was two-to three-fold greater. This reduced flower production in the smaller pots in experiment #2 suggests that pot constraints had a greater effect on flower production than did nutrient treatment. Thus, while nutrient limitation has been shown to affect investment in defense [64, [80] [81] [82] , nutrient environment did not appear to affect the expression of the cost of defense. These findings are contrary to the results of reference [21] , where nutrients significantly affected the expression of the cost of resistance with costs incurred under high-nutrient conditions. Similar to Experiment #1, no cost of glucosinolate production was detected at 23˚C in Experiment #2. However, a cost of glucosinolate production was detected in one replicate test at 32˚C; plants from the LGL produced significantly more flowers than plants from the HGL at this temperature. Although not significant, the pattern in the second replicate showed the same trend. This pattern may be due to plants from the HGL investing more in defenses when faced with higher temperatures, i.e., environmental stress. Environmental stress has been shown to increase investment in defensive chemicals [18, 27] . Specifically, broccoli grown at higher temperatures invests more in glucosinolate production [40] . Greater investment of limited resources in defense at higher temperatures would magnify defense costs and our ability to detect those costs. While this is similar to what was found in these same lines [13] , it may also be due to the fact that individuals were grown alone [31] . Alternatively, turnover of glucosinolates may occur at a faster rate at higher temperatures because catabolic and anabolic processes typically increase with temperature [43] . So, more resources might have to be diverted from growth and reproduction to the maintenance of foliar glucosinolate content [42] . In addition, myrosinases are required to enzymatically alter glucosinolates into toxic isothiocyantes. Myrosinases are kept isolated from the glucosinolates in cellular compartments until damage is caused [83] . Because these cellular compartments also require maintenance, they may also require more resources for maintenance at higher temperatures. Moreover, temperature can affect plant respiration, transpiretion, and photosynthetic rates, as well as nutrient uptake [43, 84] , which may create a situation where resources are even more limiting, making investment in defense more costly. However, plants in this experiment were grown in individual pots and produced fewer flower that those in experiment #1. This might suggest that they were under more stress and the ability to detect costs might be higher. Yet, we only detected costs at the higher temperature treatment. Whether due to inherent costs at different temperatures or due to complex effects of temperature on plant physiology and growth, plant defense may be more costly at higher temperatures.
Our results suggest that the expression of costs and benefits of defense can be quite variable and complex. Detecting costs and benefits may be contingent upon the environment within which the individual is grown. While some effort has been spent examining how temperature affects investment in defense [32, 40] , little information exists concerning the effects of temperature on the expression of benefits and costs of defense. Both spatial and temporal variation in temperature may influence the cost to benefit ratio of defense within and across habitats. These temperature differences may maintain genetic variation for constitutive investment in defense for plant populations. Temperature variation may also favor individuals that show plasticity in the investment in defense [85, 86] , with plants investing more in defense during the milder parts of the growing season or when established in cooler habitats. In any case, more attention should focus on how costs of chemical defense might be influenced by temperature because global temperatures are increasing. Our study suggests that benefits of glucosenolate production are not universal and that greater costs of constituitive glucosinolate production are incurred at higher temperatures, but the general importance of increasing temperature as a constraint on plant evolution of defense against herbivores remains unknown.
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